A recently discovered phase of orthorhombic iron carbide o-Fe 7 C 3 [Prescher et al., Nat. Geosci. 8, 220 (2015)] is assessed as a potentially important phase for interpretation of the properties of the Earth's core. In this paper, we carry out first-principles calculations on o-Fe 7 C 3 , finding properties to be in broad agreement with recent experiments, including a high Poisson's ratio (0.38). Our enthalpy calculations suggest that o-Fe 7 C 3 is more stable than Eckstrom-Adcock hexagonal iron carbide (h-Fe 7 C 3 ) below approximately 100 GPa. However, at 150 GPa, the two phases are essentially degenerate in terms of Gibbs free energy, and further increasing the pressure towards Earth's core conditions stabilizes h-Fe 7 C 3 with respect to the orthorhombic phase. Increasing the temperature tends to stabilize the hexagonal phase at 360 GPa, but this trend may change beyond the limit of the quasiharmonic approximation.
I. INTRODUCTION
The core of the Earth is believed to be predominantly comprised of iron, the only heavy element with a sufficiently high cosmic abundance to account for its overall mass and density. However, iron cannot be the sole constituent because the density of such a core would be up to 10% higher than is observed [1, 2] . Furthermore, sound velocities in pure iron extrapolated to Earth's core conditions are inconsistent with seismological observations [3] .
Taking into account cosmochemical considerations such as abundance and solubility in iron under the conditions of the Earth's formation, the most likely candidates for alloying elements are H, C, O, Si, and S [4] . The identification of the actual species (singular or plural), and the exact nature of their incorporation in the core, has been the subject of considerable debate.
There is evidence to suggest that there may be a significant amount of carbon in the Earth's core [5] . Cementite iron carbide (Fe 3 C) was initially proposed as the most likely carbon vehicle [6] . However, consideration of the pressure-induced transition of Fe 3 C from a ferromagnetic to a nonferromagnetic state, as evidenced by ab initio calculations [7] , sound velocity measurements [8] , and high pressure experiments [9] , results in conflicting evidence.
More recent calculations, based on better knowledge of the magnetic transition behavior of iron carbides with temperature and pressure, suggest that the Eckstrom-Adcock hexagonal phase of Fe 7 C 3 [10] (henceforth referred to as h-Fe 7 C 3 ) is a more convincing candidate in some respects. It is more stable than Fe 3 C at core conditions and is expected to be the first crystallizing phase at pressures up to 360 GPa [11, 12] . Like cementite Fe 3 C, it is magnetic at low pressure and undergoes a magnetic collapse (high spin to low spin, accompanied by a decrease in the rate of change of the bulk modulus) at high pressure, at 67 GPa and 0 K according to ab initio calculations [13] and 53 GPa according to experiment [14] .
At pressures above this spin transition, the sound velocity increases with pressure at a much lower rate, which may explain the anomalously low sound velocity in the Earth's core without the need to invoke partial melting or high-temperature effects [15] .
Hexagonal Fe 7 C 3 is not the only possibility. Theoretical structure prediction calculations at core pressures and zero kelvin [16, 17] have uncovered new Fe 3 C phases that are more stable than cementite at core pressures, and a stoichiometry which has not been previously discussed in relation to the Earth's core, Fe 2 C. These studies suggest that Fe 7 C 3 decomposes to Fe 3 C and Fe 2 C at core pressures, but there is a lack of experimental evidence to support their claims. Although experiments have ruled out the coexistence of pure iron and carbon at high pressures and temperature [18] , ab initio calculations suggest that significant amounts (up to 6 at.%) of carbon can exist in crystalline phases of iron as interstitial defects under high pressure, suggesting the existence of an iron-carbon alloy [19] .
A new orthorhombic phase of Fe 7 C 3 (referred to as o-Fe 7 C 3 ) has very recently been discovered [20] . High pressure diamond anvil cell experiments suggest that o-Fe 7 C 3 is the crystallizing phase at the conditions of the Earth's outer core, rather than h-Fe 7 C 3 . Moreover, extrapolations to higher pressures and temperatures suggest that it accounts for the anomalously high Poisson ratio and low shear wave velocity of the core. The properties of o-Fe 7 C 3 were only measured up to 180 GPa, but it is known that the relative stabilities of the phases can change dramatically as a function of temperature and pressure. First-principles calculations offer a route to directly probe the iron carbide phase diagram at the conditions of the Earth's core. In this paper, we use density functional theory (DFT) calculations to compare the stability of o-Fe 7 C 3 with the well characterized h-Fe 7 C 3 at both experimental pressures and the pressure of the Earth's inner core, and discuss its potential geophysical importance. If it is present in the Earth's core, Fe 7 C 3 would have a tremendous impact on the Earth's carbon budget, and by extension geophysical models of the Earth's formation; in this case, the core would comprise the largest carbon reservoir on the planet.
II. COMPUTATIONAL METHODOLOGY
All ab initio calculations were performed with the VASP DFT code [21] , at the generalized gradient approximation (GGA) level, using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [22] . Core electrons were approximated using projector augmented-wave (PAW) pseudopotentials [23, 24] , and valence electrons were represented with a plane wave basis set with a cutoff energy of 600 eV. The 3d and 4s electrons of Fe (8 total) and the 2s and 2p electrons of C (4 total) were treated explicitly as valence. The Brillouin zone was sampled using a Monkhorst-Pack grid of k points [25] dependent on the phase: 6 × 6 × 6 for h-Fe 7 C 3 and 2 × 6 × 2 for o-Fe 7 C 3 , with a denser 3 × 9 × 3 grid for electronic structure calculations. In order to ensure accurate force constants for phonon calculations, electronic energies were converged to a threshold of 1 × 10 −8 eV between ionic steps and forces to a tolerance of 1 × 10 −8 eVÅ −1 . Spin polarized calculations were also performed to determine the relative stability of magnetic and nonmagnetic phases. Phonon dispersions and free energy calculations were performed using the PHONOPY package [26] . Real-space force constants were calculated using supercell method and density functional perturbation theory (DFPT) as implemented in VASP, with a 2 × 2 × 2 supercell for h-Fe 7 C 3 and a 1 × 3 × 1 supercell for o-Fe 7 C 3 . The Brillouin zone was sampled using a 2 × 2 × 4 k-point mesh for the h-Fe 7 C 3 supercell and only the gamma point for o-Fe 7 C 3 , since it was found that a 2 × 2 × 2 mesh had an insignificant effect on free energies. Helmholtz free energies were computed for both structures at five volumes starting from 150 GPa and 360 GPa, then corrected for thermal expansion using the quasiharmonic approximation, resulting in Gibbs free energies in both pressure regimes.
III. RESULTS AND DISCUSSION

A. Crystal structure and magnetism
The o-Fe 7 C 3 structure has space group P bca and a unit cell containing 80 atoms consisting of CFe 6 trigonal prisms ( Fig. 1) [20] . The PBE-optimized structure at zero pressure has lattice parameters a = 10.80, b = 3.95, and c = 12.50, corresponding to a volume of 533.7Å 3 . The c/a and b/a ratios agree with the experimental values to within 0.3%. Figure 2 (a) shows the total volume and energy of the spin polarized and nonspin polarized calculations as a function of pressure. PBE calculations underestimate the volume by 2.3% relative to experiments at low pressures (0-10 GPa), decreasing to 1% at high pressures (100-150 GPa), i.e. a good agreement. Reoptimizing the structure using a spin polarized solution increases the cell volume by 4.3% relative to the structure relaxed with an unpolarized solution at 0 GPa. At this point the ferromagnetic state is 130 meV/Fe atom lower in energy that the nonmagnetic solution. The ferromagnetic state becomes progressively less energetically favorable with increasing pressure until a magnetic to nonmagnetic transition occurs at 120 GPa as calculated with PBE. This transition is preceded by another at approximately 40 GPa, evident from a change of slope in the volume difference curve [ Fig. 2(b) ]. This transition can also be seen by a large drop in the moment associated with two of the Fe sites, shown in Fig. 3(a) . o-Fe 7 C 3 has seven symmetry-distinct sites for the Fe atoms, with PBE-calculated magnetic moments on these sites ranging around the Fermi level are dominated by states with Fe d character, with the C states predominantly found at energies 4 eV below the Fermi level. The material remains metallic at all pressures considered. At 0 GPa an exchange splitting leads to a large energy shift between the majority and minority d states. Almost the entire moment is located on the Fe atoms, with a small induced moment (0.1 μ B ) on the C atoms aligned antiferromagnetically to that on the Fe atoms. With increasing pressure, the bandwidths increase while the size of the band gaps present in the valence band decrease. The Fe atoms labeled Fe IV and Fe V (c.f. Fig. 3 ) are different, and experience a sharper drop in magnetic moment with pressure than the other Fe atoms. Both have a large peak in the d yz minority states just above the Fermi level at zero pressure which is shifted lower in energy with increasing pressure, becoming fully occupied. Conversely, for the others, this state is occupied even at zero pressure. This can be seen by comparing Figs. 4(a) and 4(b) which show the DOS calculated at 70 GPa for one of the two different sites, Fe-IV, and one of the typical sites, Fe-I (i.e., experiencing a much slower reduction in moment with pressure). Similarly, the majority states of Fe-IV and Fe-V become significantly broader than in the others with increasing pressure. The result is a smaller magnetic moment localized on these two Fe sites.
We conclude this section with a comparison between the transition pressures found theoretically and experimentally. Mössbauer spectroscopy indicates a ferromagnetic to paramagnetic transition at 16 GPa and a paramagnetic to nonmagnetic transition at 70 GPa [20] . Although pressure of the transition to a nonmagnetic state is considerably overestimated here, conflicts between theoretical and experimental magnetic transition pressures are a common problem for iron carbides, in particular for cementite Fe 3 C [7, 27] . While PBE is known to overestimate magnetic moments [28] , LDA consistently underestimates the cell volumes (by 3% relative to PBE in the case of o-Fe 7 C 3 , at 150 GPa). Such drastic structural changes have a knock-on effect on the electronic structure, to the point that it is impossible to rely on the magnetic moments of LDA-optimized structures. Calculating the LDA charge density of a PBE-optimized structure results in a cancellation 150  10625  7432  2030  1073  931  1116  600  599  585  135  169  266  360  12579  12749  3294  1796  1572  1864  1080  1040  1000  251  275  417 of errors that reduces the magnetic moments [29] and therefore the magnetic-nonmagnetic transition pressure. This can be seen in Fig. 3(b) which shows the magnetic moments as a function of pressure as calculated with the LDA-calculated spin density at the PBE relaxed structure. The magnetic moment now vanishes at 80 GPa, which is consistent with the experimental magnetic-to-nonmagnetic transition of 70 GPa.
B. Mechanical properties
In Fig. 5 , we plot the calculated bulk modulus of o-Fe 7 C 3 as a function of pressure, together with experimental results [20] . Spin polarized calculations were employed up to 150 GPa, after which there is a transition to a nonmagnetic state. This is manifested as a decrease in the rate of stiffening as the pressure increases, and demonstrates that, as for cementite Fe 3 C and h-Fe 7 C 3 , it is not valid to extrapolate the ferromagnetic equation of state to Earths core conditions; instead, another equation of state is required.
By calculating the elastic constants (Table I) , we were able to compute the mono-crystalline bulk and shear moduli, and subsequently zero Kelvin Poisson's ratio ν using the expression
where K is the bulk modulus and G is the shear modulus. These values were found to be in good agreement with experiment [20] at 150 GPa, including a calculated ν of 0.375 compared with the measured value of 0.39. At the pressure of the Earth's core, 360 GPa, Poisson's ratio was found to be very similar, with a value of 0.381. This supports the claim that carbon alloying may be responsible for the anomalously high
Poisson's ratio of the Earth's core, 0.44 [3] , particularly since the Poisson ratio is expected to increase with temperature. The monocrystalline longitudinal (compressional) and both components of the transverse (shear) sound velocity were calculated by solving the Christoffel equation using the computed (zero temperature) elastic constants. There is considerable anisotropy in the orthorhombic cell, manifested most obviously in the b lattice parameter, which changes at a different rate to the others as a function of pressure. Sound velocities are therefore plotted as a function of angle about the origin for the 001, 100, and 010 planes in Fig. 6 . The experimental velocities at 158 GPa and 300 K are 10.7 km s −1 for v P and 4.6 km s −1 for v S [20] , a reasonable agreement with our calculations considering the pressure and temperature difference, and that any real sample will not be a single crystal. (See Table II ).
C. Enthalpy
h-Fe 7 C 3 is 4.6 meV higher in enthalpy than o-Fe 7 C 3 at 150 GPa in the local density approximation (LDA). This difference is essentially the same (3.4 meV) using the PBE GGA functional. Together with good agreement of structural parameters with experiment, we can treat our choice of functional in this regard with confidence.
The enthalpy difference between h-Fe 7 C 3 and o-Fe 7 C 3 is shown in Fig. 7 . It initially seems that the o-Fe 7 C 3 phase is more stable at pressures below approximately 100 GPa. There are some caveats to this observation: First, the enthalpy difference is extremely small, around 2 meV/atom at 150 GPa, which is smaller than the typical error in a DFT calculation (around 5 meV per atom). Since the calculated energy difference is so small, it is likely that the zero Kelvin transition pressure is underestimated, considering experiments suggest that o-Fe 7 C 3 is more stable than h-Fe 7 C 3 at 150 GPa [20] . Second, both phases are magnetic at the low end of the pressure scale, and it has been shown that changes in the magnetic state in different iron carbides are associated with changes in the physical properties [13, 14, 27] . The calculated enthalpies suggest o-Fe 7 C 3 is the more stable phase by a significant margin in the magnetic regime. We note, however, that these values are calculated assuming a ferromagnetic state whereas a paramagnetic regime has been observed experimentally [20] . Thirdly, the enthalpy only describes the stability of the phases at absolute zero, yet we are interested in the stability at the conditions of the Earth's core. Further calculations are therefore necessary to assess the relative stability of the two phases.
D. Free energy and the effect of temperature
Owing to the high computational expense of phonon calculations, we focus on two pressures: the high end of the experimental regime, 150 GPa, and the estimated pressure of the Earth's inner core, 360 GPa. The phonon density of states ( Fig. 8) shows no negative frequencies, therefore o-Fe 7 C 3 is dynamically stable at both pressures, within the limits of the harmonic approximation.
As the temperature of the Earth's core is estimated to be between 5000 and 7000 K we also need to include the contribution of vibrational entropy, and thus compare the Gibbs free energies of the two phases. Calculating free energies from the phonon density of states in the harmonic approximation is a first step to understanding the effect of high temperatures on these phases. Starting from fixed volume calculations of the Helmholtz free energy at 150 GPa and 360 GPa, at a temperature of 0 K, we take into account the effect of thermal expansion in the quasiharmonic approximation to obtain the Gibbs free energies of the two phases as a function of temperature. This is shown in Fig. 9 .
We first note that at 150 GPa and 0 K, the free energy of o-Fe 7 C 3 is 6 meV/atom higher than that of h-Fe 7 C 3 . This should be compared to a difference of 3.4 meV when vibrational effects are excluded showing that the zero point energy increases the stability of o-Fe 7 C 3 by approximately 2.6 meV compared to h-Fe 7 C 3 . This gap decreases to 2 meV/atom at 1000 K. The energy difference is small over the whole temperature range, but the trend is towards the stabilization of o-Fe 7 C 3 with respect to h-Fe 7 C 3 as the temperature increases. Assuming this behavior continues into the anharmonic regime at extreme temperatures (which is by no means guaranteed), this tends to agree with experiments in which o-Fe 7 C 3 was crystallized from a melt at 180 GPa and 3500 K. At 360 GPa, however, there is a significant free energy difference between the two phases, h-Fe 7 C 3 being more stable by in excess of 50 meV/atom over the temperature range. This trend continues with increasing temperature-again with the caveat that we have not considered anharmonic effects at higher 
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temperatures-so we conclude that the new orthorhombic phase would not be competitive at the temperature and pressure conditions of the Earth's core according to DFT calculations.
IV. CONCLUSIONS
First-principles calculations were used to assess the stability of two candidates for iron carbide phases at the Earth's core: hexagonal Eckstrom-Adcock Fe 7 C 3 , and a recently discovered orthorhombic Fe 7 C 3 phase [20] . Spin-polarized DFT calculations demonstrate that there is a magnetic to nonmagnetic transition as the pressure increases over 120 GPa; this is associated with a decrease in the rate of stiffening, i.e., the bulk modulus increases at a lower rate as the pressure increases. Static DFT calculations suggest that o-Fe 7 C 3 is more stable below a pressure of 100 GPa, although the enthalpy differences between the two are very small over a large pressure range, up to approximately 200 GPa. Taking the effects of temperature into account, vibrational entropy stabilizes o-Fe 7 C 3 with respect to the hexagonal phase at 150 GPa, and by extrapolation, becomes more stable in excess of 1000 K. However, at the pressure of the Earth's core (360 GPa), o-Fe 7 C 3 is no longer competitive in our theoretical calculations. The possibility remains that Fe 7 C 3 may decompose to more stable stoichiometries such as Fe 2 C and Fe 3 C, as suggested by zero temperature structure prediction calculations [17] . However, confirmation would require many more expensive free energy calculations which are beyond the scope of this paper.
We emphasize that the thermodynamic calculations were carried out in the quasiharmonic approximation. Although this is valid at intermediate temperatures, perhaps up to around two thirds of the melting temperature depending on the nature of the system, it is impossible to draw a strong conclusion on the relative stability of these phases at the temperatures of the inner core (5000-7000 K), which appears to be approximately the melting temperature of Fe 7 C 3 [12, 30] . Our calculations are largely in good agreement with the available experimental data but do not include strong correlation effects via, for example, the DFT+U method. One would not expect correlation effects to make a significant difference at such high pressures for our purposes, but there are exceptions to this trend [31] , and it would be instructive to consider them in future studies.
The carbon budget of the Earth is poorly constrained and has been estimated as between 0.2 wt.% and 4 wt.% [12] . Moreover, there is uncertainty in the distribution of carbon between the metallic core and silicate mantle, due to poor constraints on carbon solubility in metals and partitioning behavior; however the maximum carbon content of the core is estimated to be 6-7 wt.% [32] . Fe 7 C 3 is approximately 9 wt.% carbon, which is significantly too high to make it a credible candidate for the dominant phase in the core, although it may be a competing phase. Nonstoichiometric iron carbides such as solid solutions or substitutional carbon defects in hcp iron could account for this discrepancy but present a considerable challenge to model. Further study is therefore required, including full anharmonic treatments of these phases to assess their stabilities at high temperatures.
